This paper describes a novel algorithm for the joint stochastic inversion of well logs and multiple angle stacks of migrated 3D pre-stack seismic data. The inversion algorithm is based on a Bayesian statistical search criterion implemented with fast Markov-Chain Monte Carlo updates. It implements a-priori measures of spatial correlation as well as specific geometrical properties of structural and stratigraphic embedding. Results consist of spatial distributions of elastic properties with a vertical resolution intermediate between that of seismic amplitude data and well logs. In addition, the algorithm provides quantitative estimates of non-uniqueness based on the statistical distribution of multiple spatial realizations derived from random initial models. It is also possible to estimate lithology and petrophysical properties such as porosity and water saturation by enforcing multi-dimensional statistical correlations between elastic and petrophysical properties sampled from well-log measurements.
Introduction
Anadarko's Marco Polo deepwater development project is located in Green Canyon Block 608 in the Gulf of Mexico, approximately 175 miles south of New Orleans, in a 4300-feet water column. Hydrocarbon production originates from reservoirs consisting of Tertiary deepwater sand deposits. This paper considers a small portion of the Marco Polo Field where hydrocarbon-bearing sands pertain to the "M" series and are buried at depths between 11500 and 12500 ft ( Figure 1 ).
The "M" reservoir sands consist of unconsolidated, interbeded, high-and low-density fine-grained (mixed sandy-muddy) turbidite deposits. The overall "M" series consists of sandy turbidite reservoir packages interbedded and separated by muddy debris flows. These reservoir intervals are interpreted as stacked, progradational lobes within an overall fan complex. The massive and planar stratified sands exhibit moderate sorting and excellent interparticle porosity, with rock-core data indicating excellent intrinsic properties: 30%+ porosity, and several hundred to thousands of millidarcies of nominal permeability.
In an effort to construct high-resolution stochastic reservoir models of elastic and petrophysical properties we resorted to amplitude information of 3D pre-stack seismic data and well logs. We first applied pre-stack stochastic inversion to generate volumes of elastic properties (Vp, Vs, density) and lithotypes, and then conducted petrophysical co-simulation based on the inverted elastic models and well-log-derived acoustic/petrophysical statistical correlations. Finally, multiple realizations were produced and statistically evaluated to assess the non-uniqueness and uncertainty of the results. Wireline logs describing the characteristic low bulk density, and P-and S-velocity readings across the hydrocarbonbearing "M-series" sands. The most important sand intervals are M-10, M-40, and M50, with M-40 being the reservoir with the highest hydrocarbon production.
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Pre-Stack Stochastic Inversion
The 3D seismic data were sampled at 4 ms and have a frequency band of 6-70 Hz, with a central frequency of 35 Hz. At a frequency of 50 Hz and assuming a P-wave velocity of 8000 ft/s, the tuning wavelength (λ/4) is 40 ft. This is about the highest vertical resolution we can recover solely from seismic amplitude data. The 3D survey in the Marco Polo Field consisted of 254 cross-lines spaced at 25 m intervals (6.35 km), and 320 in-lines spaced at 20 m intervals (6.4 km), thereby amounting to 81,280 traces over an area of 40.64 km 2 . In order to prepare the 3D pre-stack seismic data for stochastic inversion, the time-migrated gathers were organized into four partial-angle stacks using a stacking velocity function. Small time-shift corrections were additionally applied to the stacks in order to reduce event misalignment due to processing errors such as residual NMO. Subsequently, four partial-angle stacks were simultaneously inverted with well logs using a novel AVA stochastic inversion algorithm recently developed by Fugro-Jason.
Traditional geostatistical techniques used to fill the spatial gap between well locations rely heavily on sequential simulation (Chilés and Delfiner, 1999) . The disadvantage of this procedure, apart from the high cost that is often involved in the neighbor-search step, is that the approximations in which it is based cease to work effectively once the simulation grid has been fully populated with properties. However, it is only at that point that enough information is available to generate seismic synthetics and perform inversion, or to implement additional constraints which may require a dense realization.
The novel stochastic inversion technique considered in this paper is based on a Bayesian search criterion (Tarantola, 2005) that makes use of Markov-Chain Monte Carlo (MCMC) (Gilks et al., 1996) and Multigrid Monte Carlo (MGMC) (Goodman et al., 1989 ) statistical updates in both seismic time and lateral location. It combines the Gauss random field conceptual model underlying traditional geostatistics with iterative local updates inherent to nonlinear minimization. Moreover, the inversion implements transformed Gaussian covariance matrices and efficient projection operations via fast Fourier transforms. The selection of our novel algorithm was motivated by the requirements that it should: (1) work iteratively on a fully filled grid; (2) be capable of working side by side with user-definable a-priori information; (3) produce predictable, high-quality results which can realistically be understood in the context of a well-defined conceptual model; and (4) deal thoroughly with the uncertainty left over after all the seismic, well, and other available measurements have been taken into account. This stochastic inversion algorithm involves the implementation of a geostatistically correct "variogram constraint." Multigrid updating have also been incorporated in the algorithm because of its effectiveness in overcoming a general problem called "smoothness drag," which is a phenomenon arising with any random sampling algorithm that works with iterative local updates subject to a smoothness constraint.
Post-stack stochastic inversion algorithms successfully applied in the past (e.g. Torres-Verdin et al., 1999) are characterized by continuously running until either a specific number of optimization sweeps over the grid have been made, or the average relative energy in the residuals falls bellow a specified threshold. The novel MCMC algorithm considered in this paper, on the other hand, does not stop when it achieves a particular degree of "convergence," i.e. low seismic residuals; instead, it aims to make the residuals fluctuate within the statistical range defined by the user's estimate of the amount of noise in the seismic amplitude data. We defined the noise standard deviation to be 10% of the standard deviation of the seismic amplitude measurements (i.e. noise level = -10 db).
The pre-stack stochastic inversion algorithm was implemented with a stratigraphic/structural framework that enforced a 1-ms micro-layering as the sampling rate. Input data consisted of: (1) four partial angle-stacks and angledependent wavelets for the following angle ranges: (6-16), (16-26), (26-36), and (36-46) degrees; (2) lithotype, Vp, Vs, and density logs, and (3) well-log generated geostatistical information in the form of variograms and histograms of properties (Figs. 2a and 2b) . Figure 2c show the results of the AVA stochastic inversion, consisting of high-vertical-resolution (1 ms) 3D distributions of elastic properties (Vp, Vs, and density), and lithotypes (sand/shale). An important feature of this novel stochastic inversion technique is that lithotype models can be simultaneously generated with the inverted elastic properties. The latter are the controlling variables that govern the simulation of lithotype. Such simulation of lithotype is based on multidimensional (3D) joint probability density functions (PDFs) of elastic properties (Vp, Vs, and density) defined for each specific lithotype from well-log data (Fig. 2b) . Figure 3 graphically compares the high-resolution stochastically derived acoustic impedance (sampled at 1 ms) against the acoustic impedance yielded by constrained sparse-spike inversion (CSSI, sampled at 4 ms). We emphasize the difference in vertical resolution between the deterministic and stochastic results: CSSI results are a smooth version of the well logs whereas the new stochastic inversion algorithm successfully reproduces high-resolution variations of elastic properties.
Joint stochastic inversion of 3D pre-stack seismic data and well logs for high-resolution reservoir characterization and petrophysical modeling: application to deepwater reservoirs in central Gulf of Mexico Property Co-simulation and Uncertainty Assessment
Conventional approaches for generating 3D distributions of petrophysical properties from post-stack seismic inversion consist of co-simulation of one petrophysical property (i.e. porosity) from the inverted acoustic property (i.e. Pimpedance) by enforcing a geostatistical correlation between them. However, pre-stack stochastic inversion results consist of three elastic properties (Vp, Vs, and density), which are in turn, dependent on medium physical properties such as lithology, porosity, and pore fluid content (Castagna and Backus, 1993) . This provides additional degrees of freedom to enforce several statistical correlations between more than one elastic and petrophysical property. The 3D spatial distributions of the main petrophysical properties (porosity, permeability, and water saturation) were generated via co-simulation of the AVA stochastic inversion results (Vp, Vs, and density) using a multivariate statistical approach. The methodology consisted of generating 1D sample histograms from well logs for each elastic and petrophysical property and then combining the information into layer-and lithotypedependent multidimensional joint distributions. The aim of this methodology is to capture all the relationships and correlations between the six properties (Vp, Vs, density, porosity, permeability, and Sw). Figure 4a shows the spatial distribution of co-simulated porosity obtained with the latter procedure.
Uncertainty assessment of the petrophysical co-simulation was conducted by calculating the standard deviation of 30 porosity realizations (Figure 4b) . Results from this exercise confirm that the spatial range of uncertainty is consistent with the estimated lateral extent of sand units. The uncertainty monotonically increases away from well locations. We remark that the petrophysical co-simulations are spatially limited by the sand boundaries defined in the initial lithotype volume. The spatial range of uncertainty associated with petrophysical co-simulations is primarily governed by the underlying non-uniqueness of the masking lithotype simulations. Specifically, different lithotype realizations are obtained from the inversion by only changing an arbitrary seed value. Subsequent petrophysical co-simulations are then affected by the uncertainty on the guiding spatial distributions of lithotype.
Conclusions
Stochastic inversion of pre-stack seismic data and well logs yields high-resolution spatial distributions of elastic and petrophysical properties. This is possible because pre-stack seismic data are sensitive to three independent elastic properties (Vp, Vs, density) that are, in principle, statistically related to lithology, porosity, and type of saturating fluid. Consequently, compared to post-stack seismic data, pre-stack seismic data provide additional The methodology for high-resolution pre-stack reservoir characterization and petrophysical modeling consists of (1) generating reliable volumes of elastic properties from simultaneous stochastic inversion of high-quality partial angle stacks, (2) at the same time obtaining realizations of lithotype via mutual thresholding from the elastic volumes as control fields, (3) establishing precise lithotypedependent and multidimensional correlations between elastic and petrophysical properties at well locations, and (4) using those correlations in conjunction with the simulated lithotype field to guide the petrophysical cosimulations from inverted volumes of elastic properties. 
